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Bi2Se3 is a strong topological insulator (TI) 
with a single Dirac cone and chiral spin texture 
[T1I2- Surface-sensitive probes have directly ac- 
cessed the topological surface states, but trans- 
port measurements have proven difficult due to 
bulk contributions to the conductivity i3l|4j. Ef- 
forts aimed at isolating surface transport proper- 
ties have focused on mechanical exfoliation, elec- 
trical gating, and chemical doping [5-9j. An al- 
ternative way to minimize bulk contributions to 
the conductivity is to synthesize nanostructures 
with a large surface-to- volume ratio We 
demonstrate the controlled synthesis of Bi2Se3 
nanostructures with large surface-to-volume ra- 
tio using metal-organic chemical vapor deposition 
(MOCVD), a standard process for large scale pro- 
duction of semiconductor compounds. Simple ad- 
justment of the reactor parameters allows us to 
obtain highly ordered nanoribbons up to 10 jim 
long or thin micron sized platelets. The method 
can be readily extended to produce doped or 
ternary compounds, enabling future TI trans- 
port measurements, efforts to isolate Majorana 
Fermions, and the development of new thermo- 
electric materials [12-16J. 

Bi2Se3 has been the focus of many TI experiments due 
to its comparatively large bulk band gap of 0.35 eV and 
simple surface band structure [3 . The Bi2Se3 crystal is 
rhombohedral and belongs to the space group {R3fh) 
[17]. The crystal consists of repeated quintuple layers 
(QLs), each containing Se-Bi-Se-Bi-Se, as illustrated in 
Fig. 1. Adjacent layers of Se are Van der Waals bonded, 
such that Bi2Se3 preferentially forms sheet-like struc- 
tures. As a result, crystals can be mechanically exfoliated 
down to a single quintuple layer [6, 18 . The weak bond- 
ing of Se in the lattice also results in Se vacancies, caus- 
ing n-type bulk conduction, which has hindered transport 
measurements [5 . In addition to TI research, Bi2Se3 and 
related compounds are of interest for high performance 
thermoelectric materials [16 . Various systems, includ- 
ing quintuple layer nanotubes, have been synthesized by 
co-reduction from solution, template-assisted electrode- 
position, and solid-source vapor transport p^H2T] . The 
latter method has proven useful for several TI experi- 
ments [To]. Ultimately, factors including sample purity, 
uniformity of growth, and tunability of the Se/Bi flux 



ratio favor the two workhorses of semiconductor growth, 
molecular beam epitaxy (MBE) and MOCVD. 

We synthesize Bi2Se3 nanostructures in a laboratory- 
scale MOCVD system based on traditional MOCVD re- 
actor technology [22H24] . A similar growth system has 
yielded high purity In As nanowires, which can be locally 
gated to create single electron quantum dots [26] . 
Mass flow controllers admit flxed flows of H2 carrier gas 
through two bubblers containing the liquid metal-organic 
precursors trimethyl bismuth (TMBi) and diethyl sele- 
nium (DESe) [27]. The precursor vapors and H2 carrier 
gas flow into a cold-wall vacuum chamber and impinge 
on a heated sample holder. The precursors thermally de- 
compose on a Si (100) substrate that is prepared with a 5 
nm thick Au seed layer, resulting in Bi2Se3 nanostructure 
growth, as depicted in Fig. 1. We expect the MOCVD 
process developed here to be a versatile platform for TI 
growth, since it allows the growth of doped or ternary 
compounds that would be difficult to achieve with solid 
source vapor phase epitaxy [12 . 

Bi2Se3 nanostructures form for a wide range of growth 
conditions. We generally obtain two different types of 
structures: 1) nanoribbons with 10 - 30 nm thickness and 
lengths of several microns, or 2) nanoplates as thin as 10 
nm with roughly 1 jam lateral dimensions. The growth 
temperature, T^, and precursor partial pressure ratio, r = 
PDESe/PTMBi5 determine which type of structures we ob- 
tain. Figure 2 shows scanning electron microscope (SEM) 
images of samples obtained for a range of growth param- 
eters. High-yield growth occurs for Tg = 470 °C, with 
a chamber pressure P = 100 Torr, carrier gas ffow of 
600 seem H2, and r = 30. Typical growth times are 15 
minutes. Under the latter conditions, nanoribbon growth 
begins once the precursor partial pressure ratio exceeds 
^ 7. Between r = 7-33, the reaction products tran- 
sition from narrow ribbons to wide ribbons and plates, 
accompanied by an increase in density. Above r = 33 
the morphology appeared constant. We demonstrate the 
transition in structural properties in Fig. 3 (a), where we 
plot the density of nanoribbons as a function of precur- 
sor ratio. From the data we draw two conclusions: 1) 
Se limits the growth at low precursor ratios, and 2) the 
precursor ratio controls the growth anisotropy. 

We also study the temperature dependence of the 
growth. At a fixed precursor ratio r = 30, nanoribbons 
are obtained at a growth temperature Tg = 470 °C and 
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FIG. 1: Schematic of a Bi2Se3 nanoribbon growing by 
MOCVD, viewed along the c-axis (left) and nearly along the 
a-b plane (right). Hydrogen carrier gas delivers a dilute va- 
por of trimethyl bismuth and diethyl selenium precursors to 
the heated substrate, where they decompose to form elemen- 
tal Bi and Se, as well as volatile organic products. Bi and 
Se preferentially attach at dangling bonds on the edge of the 
Bi2Se3 crystal. Bi2Se3 belongs to the D^^ space group and 
the unit ceh (a = b = 4.135 A, c = 28.615 A) is highlighted in 
red. The structure consists of stacked quintuple layers with 
9.5 A thickness. Atoms within a quintuple layer are cova- 
lently bonded, whereas neighboring quintuple layers are Van 
der Waals bonded. 



gradually widen into nanoplates above 480 °C [see Fig. 
2(c)]. Longer growth runs of 30 minutes produced rib- 
bons up to 10 /im long, maintaining cross sections on the 
order of 10 x 100 nm^. Such 10 nm thick nanoribbons 
approach the ~ 5 nm limit in which the interaction of 
opposite TI surface states gives rise to new effects such 
as thickness-based modulation of the surface gap [28 , 29 . 

In general, nanostructure growth can occur by sev- 
eral mechanisms, including vapor-liquid-solid (VLS) and 
vapor-solid (VS) growth |3Qti32] . In the VLS process, 
a supersaturated liquid gold droplet typically nucleates 
crystal growth and provides control of the nanowire di- 
ameters. By contrast, VS commonly denotes crystal 
growth where no droplet is evident on the wire. Pre- 
vious studies have shown highly anisotropic VS growth 
leading to nanowires in various materials and ascribe the 
nanowire growth to a terminal quasi-solid region of the 
same material as the wire, which plays the role of liquid 
droplet of VLS ^33^ . Solid-source vapor transport growth. 
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FIG. 2: Bi2Se3 nanoribbons and platelets: (a-c) SEM im- 
ages of as-grown samples, and (d-g) images obtained after 
the nanostructures were deposited on TEM grids, (a) Di- 
verse growth is obtained from a t = 15 minute growth run on 
a Si (001) substrate with 5 nm Au catalyst layer, with Tg = 
470 °C, P = 100 Torr, 600 seem H2 carrier gas flow, TMBi 
partial pressure Ptmbi — 1 xlO~^ atm, and precursor ratio r 
= 33. (b) A reduced precursor ratio r = 12 results in narrow 
nanoribbons of comparatively well-defined widths 70 ±20 nm. 
(c) We obtain platelets with a precursor ratio r = 30 and el- 
evated growth temperature = 490 °C. (d) HRTEM image 
of a thin ribbon, ^ 18 nm in width, (e) Dark field scan- 
ning transmission electron microscope (STEM) image of two 
nanoribbons with 85 x 10 nm^ cross section. The nanoribbons 
appear to be single crystal and show stress induced fringes, 
(f) Wide ribbon with 230 x 10 nm^ cross section, as viewed 
in the TEM. (g) 1 /xm^ platelets imaged in the STEM. 



in which the vapors from a heated powder of Bi2Se3 are 
recrystallized onto a cooler growth substrate, has pro- 
duced apparent VLS growth of Bi2Se3 nanowires, as in- 
dicated by the presence of gold catalyst particles on the 
end of the wires While it has been suggested that 
VLS suppresses the Se vacancies in Bi2Se3, it is possi- 
ble that growth from the Bi-rich eutectic of the Au-Bi-Se 
system could instead promote Se vacancies . The ab- 
sence of any terminal Au catalyst particle in our as-grown 
samples suggests VS as the growth mechanism. We be- 
lieve that the Au thin film, which dramatically promotes 
growth, aids nucleation of the wire on the substrate, but 
in-situ imaging of nanowire growth may be needed to 
further clarify the growth mechanism [35 . 

We confirm the samples are high quality single crystals 
of Bi2Se3 using high resolution electron microscopy. The 
nanostructures are first freed from the growth substrate 
by sonication in ethanol and then transferred to holey 
carbon TEM grids for imaging in a Phillips CM200 trans- 
mission electron microscope (TEM). TEM-based energy 
dispersive X-ray spectroscopy indicates a 2:3 ratio of Bi 
and Se in the nanoribbons within the 3% error of the 
technique, as shown in Fig. 3(b). Selected-area elec- 
tron diffraction confirms the single-crystal rhombohedral 
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FIG. 3: (a) Growth density as a function of precursor ratio, r. 
At fixed growth temperature, pressure, carrier gas flow, and 
duration (as specified in the text) wire growth begins when r 
> 7. Further increases in the precursor ratio result in wider 
and longer nanoribbons. Note that at r = 33, longer wires are 
also present, with roughly 1/3 of the nanoribbons exceeding 
1 [ivn in length, (b) Energy dispersive X-ray spectrum of a 
thin ribbon under a 200 keV electron beam. The two peaks 
shown are used for measuring the Bi:Se ratio. The measured 
spectrum is shown by the dashed line and a Monte Carlo 
simulation (NIST DSTA-II) of a 10 nm film of Bi2Se3 is shown 
by the solid line. 



structure of ribbons, and matches the known Bi2Se3 lat- 
tice constant spacing within experimental error (±0.03 

A). 

Figure 4 displays high resolution TEM (HRTEM) im- 
ages of the crystal lattice. The nanoribbons predomi- 
nantly grow in the (1120) direction, normal to the (0001) 
QL-stacking axis, with lattice constant a = 4.1 A, con- 
sistent with the spacing expected from the bulk crystal 
structure. The samples are exposed to atmosphere after 
growth and exhibit an amorphous region a few nanome- 
ters wide near the edges of the wire. The upper and 
lower surfaces, which lack the dangling bonds as on the 
edges, are expected to have significantly less irregular- 
ity. These observations, combined with recent ARPES 
studies of Bi2Se3 surface reactivity, advocate the devel- 
opment of methods to chemically passivate the Bi2Se3 
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a) TEM image of a 2 /xm long, folded nanoribbon 
on a holey TEM grid. Growth conditions: = 480 °C, P 
100 Torr, t= 30 min, P 600 seem H2, Ptmbi = 1 x 10"^ 
atm, r = 30. A fold in the nanoribbon reveals a thickness of 
9 nm. (b) TEM electron diffraction pattern. The inset shows 
the simulated diffraction pattern, (c) A HRTEM image shows 
that the nanoribbon is single crystal (inset: EFT), (d) EFT of 
columns of the image in (c) shows a peak at 0.47 A ^, which 
is consistent with the (1120) growth direction. The peak fades 
at the edge of the nanoribbon, indicating an amorphous re- 
gion with width ^4.5 nm, typical of atmospherically exposed 
samples. 



sample surface [36] , 

A large fraction of the nanoplates shown in Fig. 2 (a) 
are partially transparent in the SEM, indicating the for- 
mation of very thin nanostructures. We use TEM to 
quantitatively extract the sample thickness. By directly 
imaging the thicknesses of wires bent around the pores 
of the TEM grids we find an average thickness of ~ 10 
nm. An AFM study of 18 nanoribbons gives thicknesses 
20 ±10 nm. Two examples are shown in Fig. 5 and one of 
the ribbons exhibits a clear 4 quintuple layer step. The 
nanoribbon thicknesses lie significantly below the distri- 
bution of dimensions produced by the VLS solid-source 
method referred to above. In particular, we find that 
vapor phase solid-source epitaxy typically produces rib- 
bons 30 - 100 nm in thickness, consistent with results 
obtained by another group [21 . 

The nanostructures we obtain form a suitable basis 
for future TI transport experiments. They only nar- 
rowly exceed the 5-6 QL transition from 3D TI behavior 
to the coupled-surface regime [28]. The dependence of 
ribbon dimensions on growth parameters demonstrates 
bottom-up structural control. With proper selection of 
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FIG. 5: AFM measurements of the nanoribbons. (a) 
Nanoribbon with ^ 23 nm thickness. There is a 4 QL step 
near the lower edge of the ribbon, (b) Nanoribbon with ^ 
13 nm thickness, (c) Thickness profiles averaged along the 
length of the wires in (a-b). 

substrates and growth conditions, we expect that this 
control will allow, for instance, arrays of aligned wires 
as has been achieved with other semiconductors and a 
tuning of the thickness through the 2D regime [37 . Per- 
haps more importantly, the MOCVD growth method pre- 
sented here can be extended to include chemical dop- 
ing or the development of ternary compounds such as 
Bi2Te2Se, for less ambiguous characterization of the sur- 
face states [12 . Aided by nanofabrication techniques, 
high quality nanoribbons may form the building blocks 
of future electronic devices based on TIs. 
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